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The  dilution  method  for  determining  lung  volume  invented  by
Davy  (1)  and modified  by Gr6hant  (2),  by Bohr  and  his  coworkers
(3),  and  recently  by Lundsgaard  and  Van  Slyke  (4)  rests  on  the
principle  of mixing the air in the lungs with a known  volume of  for-
eign gas  (H2  or 02)  and  calculating  the air content of  the lungs from
the extent  to which either the foreign gas or the nitrogen  of the lung
air is diluted.  This method yields  satisfactory results when subjects
can  breathe  deeply,  so  that  five  or  six  respirations  cause  complete
mixture  of  the lung  air  with  the  diluting  gas.  When  the  subject,
however,  because  of  weakness  or  respiratory  disturbance,  cannot
greatly increase  the depth of his respirations, so much time is required
for  complete  mixture  that  volume  changes,  due  chiefly  to  the  dif-
ference  between evolution of carbon dioxide and absorption of oxygen,
make  accurate  results  unobtainable.  In  an attempt  to  study  the
lung volumes in cases of heart failure this difficulty was encountered.
While  constant  lung volumes  could  be  obtained  in  a given  subject
with a  fair degree  of  accuracy  when  he  rebreathed  02  for a certain
length  of  time,  prolongation  of  the  time  of  rebreathing  invariably
increased the observed lung volume.  Similar inaccuracies  and sources
of error have been observed  by previous investigators.
Bruns  (5),  using  the method  of  Bohr and  Hasselbalch,  observed  that in  the
normal  subject  six  breaths  of  a  depth  of  1 liter  were  sufficient  to  accomplish
complete  mixture,  whereas  six  breaths  of  500  cc.  each  were  insufficient.  But
he noted that in subjects suffering from  emphysema  and heart  disease  with stasis
in  the lesser  circulation,  unlike  the normal subject,  six breaths of 1 liter each  did
not establish equilibrium between the gas mixture in the lung and the spirometer.
Bruns  attributed  this to  pathological  changes  in the  lungs with disturbances  in
the normal processes  of gaseous diffusion,  and concluded by questioning the value
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of the method of Bohr and Hasselbalch  for determining lung volumes in cases  of
emphysema  and  heart  disease.  Siebeck  (6)  too  observed  this  difficulty  and
regarded  his own  values  for mid-capacities  in  cases  of  heart disease  as very  un-
certain  and  probably  too  low  because  of  inadequate  gas mixture.  Lundsgaard
and  Schierbeck  (7) have  recently  published  a systematic  study  of  the  number
and  depth  of  respirations  required  to  secure  full  mixture  with  volumes  of  air
contained  in the lungs.
They found that if the air left in the lungs were  1.3 liters three, five, and seven
respirations  were  necessary  to  secure  mixture  with  a  depth  respectively  of  2
1.5,  and  1 liters.  If the air left in the lungs were increased  to 2 liters,  as in em-
physematous  patients,  four,  six,  and  nine  respirations  of  similar  depth  were
required.  As  they  increased  the amount  of air  left in the  lungs the  number  of
respirations  required  increased.  They  therefore  concluded  that a vital  capacity
below  1 liter,  as may occur  in cases  of heart  disease, makes it difficult  to obtain
full mixture  with the usual dilution method.
The  need  was  felt,  therefore,  to  devise  a method  which  would
obviate  these  difficulties  and  satisfy  the  following  desiderata:  (1)
to  provide  for  complete  mixture  between  the  foreign  gas  and  the
lung  air without  forced deep  breathing;  (2)  to  give constant  values
independent  of the length of time during which the subject rebreathes
the gas after mixture is  once established; and  (3) to supply values for
all lung volumes, i.e. total capacity  and its  subdivisions,  coincidently.
Principle of  the  Method.
The  calculation of lung volume was based not upon the dilution of
one gas but upon the volume ratio of two gases.  The subject breathed
to  and from a spirometer  containing  oxygen  sufficient  to  satisfy  his
requirements for the length of the experiment.  Added to the oxygen
was  a  known  volume  of  hydrogen,  approximating  the  volume  of
nitrogen  in  the  lungs.  The  CO2 was  continuously  removed  by  a
scrubber  of  sodium  hydroxide  shells.  After  mixture  was  complete
a sample of the mixed gases was taken from which the 02 and remain-
ing traces  of CO2 were  removed by absorption  with potassium pyro-
gallate.  The ratio  of H2 to N2 in the residue  was  then  determined.
From this ratio and the known volume of H2 the volume of N2 (origina-
ting from the lung air) was  calculated as
Vol. N=  VoI. H 2 X  Vol  N2 in sample
oVol.  H2in sample)
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The  volume  of N2 in the air  of the  lungs having thus been obtained,
the lung volume  could be calculated:
Vol. N,
Lung volume=  0.791  or 1.264 X  Vol. N,
since  the  nitrogen constitutes  0.791  of  the air.
Method,  Technique,  and Apparatus.
For  determining  the  total  capacity  of  the  lungs  a  combination
method similar  to Bohr's, consisting  partly of direct  spirometry  (for
vital capacity)  and partly  of gas mixture  (for residual  air),  was  used.
The  spirometer  was a  freely movable,  well counterpoised,  cylindrical
one with a water seal having a capacity of 6.5 liters.  It was equipped
with a  thermometer  and  a side arm  bearing a writing pen to record
its movements on a slowly  revolving drum.
The subject to be  investigated was  connected  to the apparatus  by
means  of a rubber  mouthpiece  and five-way  stop-cock.  His nostrils
were clamped  with a nose clip.' The subject  was allowed to breathe
room air,  the expired air if desired  being collected  in a Tissot spirom-
eter for  the purpose  of  measuring  the  minute volume of pulmonary
ventilation  and the  tidal air.  Then, without  his knowledge,  he was
connected with the 6.5 liter vital capacity spirometer.  He continued
quiet,  normal  breathing  into  and  from  the  spirometer  for three  or
four breaths,  when he was urged to take the deepest possible inspira-
tion and  then to expire  completely.
By the use of a kymograph  a graphic record was obtained by which
the  vital  capacity  and  its  constituent  portions  could  be  directly
measured with a  rule calibrated  in the same  units  as the  spirometer
(Text-fig.  1).
At  the point  of  complete  expiration,  communication  between  the
subject's  lungs and  the  spirometer  was  cut off  by turning  the  cock
1Bohr's objection  to the mouthpiece  and preference  for a mask have not been
substantiated  by  our  experience.  Some  patients  prefer  one,  some  the  other.
The mouthpiece  is more readily rendered leak-tight and in dealing with as rapidly
diffusible  a gas as  hydrogen  this  is  an important  consideration.  Siebeck  found
no  difference  in lung  volume  determinations  when  using masks  or  mouthpieces,
but preferred the latter because  of the smaller dead space.
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which permitted him to breathe to and from a third spirometer  con-
taining a known gas mixture  of H2 and 02.  He breathed in and out
of  this spirometer  through  a circulation  device  and  scrubber  which
removed  CO2. The  apparatus  is  seen  in  Text-fig.  2.  In  an earlier
communication  (8)  the  writers  described  its  use  with  a  rubber
bag  to hold  the H2-0 2 mixture.  The bag  was  later  abandoned  and
replaced  by  a  specially  designed  spirometer,  since  diffusion  of  H2
through the rubber  introduced  in  the longer  experiments  a  consider-
able  and  disturbing  source  of  error.  The  spirometer  was  of  the
cylindrical type used by Peabody  for the study of vital capacities and
manufactured  by Sanborn  Company,  Boston.  It was  modified  by
closing the top of the inner chamber so that when the bell was lowered
Literjs
TEXT-FIG.  1.  Graphic  record  of  the vital  capacity.
its  interior was  almost  completely  occupied  by  a  solid  center  core.
This core was pierced by two tubes  instead of one  as in the ordinary
spirometer,  so  that with  an  appropriate  arrangement  of  valves  the
subject might expire into the spirometer  through one tube and inspire
from  the  spirometer  through  the  other.  Every  breath,  therefore,
tended  to mix the air in the system.  With such  an  arrangement  no
mixing fan was found necessary.2
The  mixing spirometer  was  prepared  for  use by washing  out with
02  from  a  pressure  cylinder.  Three  washings  of  6  to  7 liters  were
sufficient  to  sweep out any residual N2 or H2 from  a preceding obser-
2Roth  (Roth, P.,  Boston Med. and Surg. J., 1922, clxxxvi,  457)  has shown  that
with  the  Benedict  new  portable  type  of metabolism  spirometer  valves  may be
used  to  advantage  over  the  electric  impeller  commonly  employed.
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vation.  Enough  02 was  left in the spirometer  so  that after  HI2 was
added the total gas volume equaled or slightly exceeded  the patient's
o  r
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ROOM  AIR
SPIROMETER
TExT-FIG.  2.  Stop-cock,  valves,  and scrubber.
vital  capacity.  With  this  provision  the  first  inspiration  from  the
spirometer  after  the  patient  had  forcibly  expelled  all  the  air  from
his  lungs  did  not  completely  empty  the  spirometer,  which  wouldDETERMINATION  OF  LUNG  VOLUME
have  embarrassed  respiration.  The  volume  of  02 in  the spirometer
was  likewise  sufficient  to support  comfortable  respiration  for 5 to  8
minutes.  From  2 to  4  liters  were  used  in  the  present  study.  It
was  desirable  to  use  a  volume  of  H2 which  equaled  approximately
the anticipated volume of N2 in the lungs.  This provided for a ratio
of H-  approximating 1 and thereby minimized  the effect of analytical
H2
error.  We have used electrolytically prepared H2 supplied in cylinders
by  the International  Oxygen  Company,  Newark.  With H2 so  pre-
pared we  have never  encountered  contamination  with  arsine,  which
may  be  a  source  of  danger  when  H2 is produced  from  the action  of
acid  on zinc.
Method of  Gas Analysis.
The  gas analysis was  done  in a burette enclosed in  a water jacket.
The burette,  by means  of a  three-way  glass  stop-cock  and capillary
tubing,  communicated  with two  Hempel  pipettes,  such  as are  used
in the gasometric  amino  nitrogen  determination  (9).  One  contained
potassium  pyrogallate  for the  absorption  of  02  and  CO2, the  other
contained  a  solution  containing  5 gm.  of  sodium picrate  and 2 gm.
of colloidal palladium per 100 cc.  This solution served for the quan-
titative removal of H2. Both Hempel pipettes were shaken mechani-
cally  by  an  eccentric  driven  by a  small motor.  The  burette  and
Hempel pipettes  are  shown  in Text-fig.  3.
About  60  cc.  of gas mixture were introduced  into the burette  from
one of the sampling bulbs.  This volume was not measured accurately,
as  02  and CO2 do not enter into the final calculation.  The gas mix-
ture was  driven  over into  the Hempel pipette  containing potassium
pyrogallate.  The pipette was shaken vigorously for about 5 minutes,
when  the residual gas,  consisting  of hydrogen  and nitrogen, was run
back into the burette and measured.
The  hydrogen analysis  was accomplished  by the method  described
first by Paal and Hartmann  (10)  and modified  by Brunck  (11).  It
depends  upon  the  reduction  of picric acid in the presence  of colloidal
palladium  to  triaminophenol  according  to  the  equation  C6H2(0H)-
(NO 2 )3 +  9H2 =  CH 2(OH)(NH2) 3 +  6  H20.  Picric  acid was used
in the form  of  its sodium  salt.
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TEXT-FIG.  3.  Burette and  Hempel pipettes used in the gas  analysis.
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5 gm.  of  picric  acid  were  neutralized  with  22  cc.  of  N NaOH.  Solution  was
completed by warming and adding water up to about 50  cc.  To this solution was
added  a suspension  of 2 gm.  of  colloidal  palladium  (Merck)  in  H20.  The final
volume  was  100  cc.  This  mixture  should  theoretically  bind  4.37  liters  of  H2
(at 0°C. and 760  mm. Hg.).  The palladium could  be recovered  for use  after  the
sodium  picrate  became  inactive  by  acidifying  with  very  dilute  H2SO4.  This
precipitated  the palladium  which  could be suspended  in H20  and redissolved  by
addition  of dilute  NaOH drop by drop.
According  to  Brunck  the picrate-palladium  method  of  hydrogen
analysis  is as  accurate  as  the combustion  method.  We have  found
20 to 30 minutes vigorous shaking to be sufficient for complete removal
of H2.
Calculation  of Dead Space in  the Mixing Spirometer and Five-Way
Stop-Cock.
Since  the  mixing  spirometer  and  circulation  device  formed  a
closed circuit when the five-way  stop-cock was shut, the system could
be filled with 02 and washed  free from residual N2 and H2. The stop-
cock itself contained  a  small volume of  air,  and a certain percentage
of air contamination  was found in the purest samples of commercially
supplied  02 and  H2. To  correct  the error  introduced  by this  small
amount  of  air it was  found  best  to determine  its volume  under  the
conditions  of the experiment  rather  than to use  assumed  air  correc-
tions for the given gas volumes.  Control experiments were performed
with a known volume of air contained in a volumetric bulb3 which  was
connected  with the mixing spirometer through the five-way  stop-cock.
The bulb was  used to replace  the subject's  lungs and a check  on the
method was  thereby  given as well  as a constant correction  to be ap-
plied  to all lung volume determinations.
After  repeated mixing  of  a liter  of air  in the bulb with  the H2-0 2
mixture  in the  spirometer,  successive  samples  were  taken  from  the
spirometer  in mercury  sampling  bottles.  These  samples  were  ana-
N2 lyzed for their content of N2 and H2. The ratio of  was ascertained
The  volumetric  bulb  was  a  spherical  glass  bulb  opening  at  opposite  points
into two  slender tubular necks, as on a flask.  The bulb was calibrated to contain
1 liter between  marks on  the two  necks.
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for each sample, and, if constant,  the mixture was known to be a com-
plete one and to represent an equilibrium of all the gases in the system.
The analytical  results of such successive  sampling are shown below
as well as the method for calculating the volume  of air enclosed in the
bulb  (or lungs).  An  average discrepancy  of 80 cc. was  observed  be-
tween the known volume of air in the bulb and the volume calculated
N2 on  the  basis  of  the  2  ratio.  This  represented  air present  in  the
H2
apparatus  after washing out with 02.  In  seven separate  determina-
tions this discrepancy varied by not more than 20  cc.  To the average
correction of 80  cc. 10  cc. were  added representing the air enclosed in
the  mouthpiece.  This  figure  then,  90  cc.,  was  deducted  from  all
lung volume determinations as a constant correction for air contained
in the stop-cock  and contaminations  of air in the gas  mixtures  used.
Calculation of Residual Air.
An example  is  given of  the calculation  of the residual  air from  the
analytical  data.
Subject 1.-
Contents of  mixing spirometer:  02 3 liters.
H2 1.5 liters.
Sample taken after rebreathing 3 minutes.
Analysis:  Gas  sample 60 cc.
After K pyrogallate absorption  30.81 cc.  N2  + H2
After picrate-palladium  14.74 cc. N2 N 2 - 0.917
16.07 cc.  H2J H
Sample taken  after rebreathing 4 minutes.
Analysis:  Gas sample 60 cc.
After  K pyrogallate absorption 32.80 cc. N2 + H2
After picrate-palladium  16.13 cc. N2  N2  0.966
16.67 cc. H2f H
Sample taken after rebreathing 5 minutes.
Analysis:  Gas sample  60 cc.
After K pyrogallate  absorption 35.01  cc. N 2 +  H2
After picrate-palladium  17.73 cc.  N  N2  1.03
17.28 cc.  H2J H 2
Sample taken after rebreathing  6 minutes.
Analysis:  Gas sample 60 cc.
After K pyrogallate absorption 31.62  cc.  N2  +  Ha
After picrate-palladium  16.13 cc. N2N  =  104
15.49 cc.  H 2J H,DETERMINATION  OF  LUNG  VOLUME
From  the  2  ratios a curve may be plotted with  the  ratios  as or-
dinates and time  in minutes  of  rebreathing  as  abscisse.  The  curve
drawn  from the data  above is shown in Text-fig.  4.  Somewhere  be-
tween 4 and 6 minutes the curve tended to become horizontal and the
2  ratio constant.  In  this region  the gases in the mixing spirometer
H2
and the air in the lungs were in equilibrium,  complete mixture  having
occurred.  The  slight  upward  inclination  of  the  curve  after  it  has
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TEXT-FIG.  4.  Curve  showing  the ratio  of  N  in  Subject  1.
H2
approached the  horizontal  position may  be interpreted  as  being  due
to  the  continued  elimination  of  nitrogen  from  the  tissues  into  the
gas mixture and  to  the  absorption of hydrogen by the tissues.  This
would,  of course, increase  the N2 and decrease  the H2 of  the mixture
and thus  increase the ratio.  An error of  an indeterminable  nature  is
introduced  by this phenomenon.  It  is  obvious  that it must  operate
chiefly  at the start of rebreathing when  the partial pressure  of hydro-
gen is  relatively  high  and  the partial  pressure  of nitrogen  relatively
low.  Because  of the  low  solubility of H2 and the  low  tension  of  N2
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in  the  blood  it  may  be  assumed  that  the  magnitude  of  this  error
is  insignificant  as  compared  with  other  sources  of  error  which  are
discussed below.
To correct  in a measure for this error, lung volume  was calculated
from that point in the  curve where  there was  definite  change  in its
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TEXT-FIG.  5.  Curves 1 to 4 are from patients with cardiac  disease,  Curves 5
and 6 from normal  subjects.  In each  case  the  lung volume  was  determined  by
Ns multiplying  the  final  ratio  by  the  volume  of  in  the  mixing  spirometer,
and by  1.264, and deducting  the constant  correction.
direction.  From  the  inspection  of  a  series  of  curves  (Text-fig.  5)
mixture  was  assumed  to  be  complete  at that point  where  the  dif-
N2 ference in ratios was not greater than 0.02.  In an  2 ratio of  , this
H2
would approximate  the empirical  error determined  above for an arti-
ficial  system  in which  no  absorption  or  elimination  occurred.  The
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lung volume  (in this  case  residual  air)  was  then  calculated  from  the
N2 ratio  thus:
H2
1.03  X  1.264  X  1,500  =  1.95
N 2 1  Vol.  H2  Air content Final  Vol.  H2 H 2 0.791  of lungs,
ratio.  uncorrected.
From  the  1.95  liters  of  calculated  pulmonary  air  the  0.09  liter
correction  for  dead  space  and  gas impurities  was  deducted,  leaving
a corrected  lung volume of  1.86 liters.
Text-fig.  5 shows  a  group  of  curves  obtained  from  four  cases  of
cardiac  disease and  two normal subjects.  The length of  time  neces-
sary to obtain complete mixture depended on a variety  of factors such
as depth  and rate  of pulmonary ventilation  and  the relative  sizes  of
the volume  of air enclosed  in the lungs  and of the volume of gases in
the  mixing  spirometer.  Besides  the length  and  bore  of  the  tubing
through which the subject breathed, which must be taken into account,
it is possible that factors other than these enter into the determination
of  the  length  of  time  needed  for  complete  mixture,  factors  such  as
structural changes in the lungs and pooling  of the air in emphysema-
tous areas.  Since  each  curve represents  a somewhat  different set of
conditions  one cannot  generalize  from  them as  to the length  of  time
required  to  reach  equilibrium.
Sources of Error.
In  lung volume  determinations  a  chief  source  of  error  lies  in the
inconstancy of the subject's lung position at the time mixture with the
foreign gas is begun.  Even with a trained normal subject variations
in vital capacity  of 100 cc.  are not excessive  and such variations may
reflect  themselves  in  the residual air and  total lung capacity.  Lack
of  training  and  the  ready  fatigability  of  the  patient  with  cardiac
disease makes it still more difficult for him to reach the point of com-
plete inspiration  or expiration  with  any degree  of  constancy.  Such
a  source  of  error  varies  with  the  individual  subject  and  is  indeter-
minable.
Besides  this  source  of  error,  there  are  certain  errors  inherent  in
the method.  Since  these  may be  combined  in  their  effect  and  are
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not  easy  to  evaluate  separately  their  combined  effect  was  deter-
mined  by  control  experiments  in which  a  vessel  containing  known
volumes  of  air was substituted  for  the  lungs.  In  such  determina-
tions  it  was  found that variations of  4.  20  cc.  in  1 liter  occurred,
making the error approximately  2 per  cent.
Variations  in  the percentage  of  nitrogen  of  the  lung  air  must  be
taken into account  in  a  discussion  of sources  of  error.  Lundsgaard
and Van Slyke  (4)  found  in thirty-six individuals  the extremes  to be
78.4  and  79.6  per  cent,  though  in  twenty-seven  of  these  they  were
78.7 and 79.5 per cent.  The effect of such variation would,  of course,
Ns
be  a change in the  2  ratio.  Assuming  a ratio  of  1, the error intro-
H2
duced by the extreme  variation would  be  0.8 per  cent.  Addition
of  this error  to  that discussed  above  gives  a total  of  2.8  per  cent.
SUMMARY.
1. A method  is  described  for the  determination  of  lung  volumes
without forced  breathing.
2.  The  method  determined  total  capacity  and  its  subdivisions
coincidently.
3.  The  values  obtained  were  independent  of  the  length  of  time
during  which  the  subject  rebreathed  after  gas  mixture  was  once
established.
4.  The  maximum  error  of  the method  is estimated  at  4-  3  per
cent of the lung  volume  determined.  Considerably  greater  varia-
tion  from  the mean may be encountered,  however,  because  of incon-
stancy in  the lung  positions  assumed by the  subject.
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